Recent large association studies have revealed associations between genetic polymorphisms and myocardial infarction and coronary heart disease (CHD). We performed a replication study of 10 polymorphisms and CHD in a population with familial hypercholesterolemia (FH), individuals at extreme risk of CHD.
Introduction
Coronary heart disease (CHD), and especially myocardial infarction (MI), is one of the most common causes of morbidity and mortality and has a strong genetic component. 1 The complexity of CHD and MI is illustrated by the many cell types that are involved in the atherosclerotic plaque and by the multiple processes that determine CHD risk, such as inflammation and thrombosis. Given this complexity, it is not clear which genes harbour the variation responsible for the genetic component of CHD.
Recently, we conducted three large association studies to identify novel genetic variants associated with MI and early-onset MI. 2 -4 A total of eight polymorphisms were found to be associated with MI or early-onset MI in three independent populations. Collaborators in these studies also found another polymorphism, which showed an association with MI in two independent populations. 5 More recently, two genome-wide association (GWA) studies found an additional association between polymorphisms nearby the cyclin-dependent kinase N2A and N2B (CDKN2A/B) genes and CHD. These latter polymorphisms were consistently associated with MI and CHD in independent populations. 6, 7 Replication of genetic associations in independent populations is essential to reduce the number of false-positive results and to further define the role of these variants in the susceptibility to complex disease. We therefore performed a replication study in a specific population of patients with familial hypercholesterolemia (FH), who have an extremely high risk of CHD and MI, to test whether these previous findings can be generalized to these highrisk patients. FH is an autosomal dominant disorder caused by mutations in the low-density lipoprotein (LDL) receptor gene and results in severely premature CHD. 8 -11 The incidence and age of onset of CHD varies considerably among individuals with FH. 12 -14 Classical risk factors explain this variability to only a minor degree. 15 Probably, a substantial part of the variation in the incidence of CHD in this disorder is due to genetic factors outside the LDL receptor gene. 16, 17 The aim of this study was to replicate the associations between CHD and the eight polymorphisms discovered by our association studies, the polymorphism found by our collaborators, and the polymorphism near CDKN2A/B genes, which showed the strongest association with CHD in previous GWA studies, in a specific population with extreme CHD risk.
Methods

Study population
We studied a cohort of heterozygous FH patients, recruited from 27 lipid clinics in the Netherlands between 1989 and 2002. More detailed information on the study design and the study population was published previously. 15, 18 In brief, the DNA of suspected FH individuals from Dutch lipid clinics is routinely submitted to a central laboratory for LDL-receptor-mutation analysis. We randomly selected 2400 unrelated FH individuals who fulfilled the internationally established FH diagnostic criteria. 15 The DNA of 2145 patients was available for the present analysis. The majority of the study population is of Caucasian descent (99%). All patients gave informed consent, and the ethics Institutional Review Board of each participating hospital approved the protocol. During the observation period, with a mean duration of 5.0 (+4.7) years, phenotypic data (including CHD events) were acquired by review of medical records by a trained team of 13 data collectors. For this data collection, we used a pre-defined protocol. 18 Medical records were used to acquire information on age, sex, smoking, body mass index (BMI), the presence of diabetes mellitus (patients using anti-diabetic medication or fasting plasma glucose .6.9 mmol/L) and the presence of hypertension (patients with a documented diagnosis using anti-hypertensive medication or a systolic blood pressure .140 mmHg and/or diastolic blood pressure .90 mmHg at three consecutive office visits). Plasma total cholesterol (TC), high-density lipoprotein (HDL) cholesterol and triglycerides were measured by standard methods in fasting patients withdrawn from lipid-lowering medication at least 6 weeks prior to blood collection. LDL cholesterol was calculated with the Friedewald formula. 19 Coronary heart disease definition CHD was defined as the presence of (i) MI, proved by at least two of the following: (a) classical symptoms (.15 min), (b) specific ECG abnormalities, or (c) elevated cardiac enzymes (.2Â upper limit of normal); (ii) percutaneous coronary intervention or other invasive procedures; (iii) coronary artery bypass grafting; (iv) angina pectoris, diagnosed as classical symptoms in combination with at least one unequivocal result of (a) exercise test, (b) nuclear scintigram, (c) dobutamine stress ultrasound, or (d) .70% stenosis on a coronary angiogram. In case of doubt about the diagnosis CHD, it was presented to an independent cardiologist, using anonymous copies of the necessary documents from the medical records.
Genetic analyses
We selected 10 polymorphisms of which we expected to have enough statistical power (.80%) based on effect sizes and genotype frequencies in literature.
2 -7 These a priori power calculations were based on a person-years approach as applied in the present study. 5 and rs10757274 100 kb upstream of the CDKN2A and CDKN2B genes. 7 All genotypes were determined using fluorescence-based TaqMan allelic discrimination assays and analysed on an ABI Prism 7900 Sequence Detection System (Applied Biosystems). The rs619203 polymorphism in the ROS1 gene was not in Hardy -Weinberg equilibrium (P ¼ 0.01 in the whole group, and P ¼ 0.01 in the patients without CHD). To ensure that this was not due to technical reasons, we genotyped the rs529038 polymorphism that was in almost complete linkage disequilibrium with the rs619203 polymorphism in our original study with only four discordant calls. 3 In our population, these polymorphisms were concordant in .99%. The further analyses were therefore conducted with the rs619203 polymorphism. Primer and probe sequences are presented in the Supplementary material online, Table S1 . Reaction components and amplification parameters were based on the manufacturer's instructions using an annealing temperature of 608C. Results were scored blinded to CHD status. The genotyping of all polymorphisms had success rates between 92 and 94%. A total of 204 random duplicate samples showed highly concordant results (.99%).
Statistical analyses
For differences in cumulative CHD risk between groups, we used Kaplan-Meier curves and the log-rank test. We tested for normality by drawing normal Q -Q plots for the untransformed and logtransformed continuous variables. Plasma triglycerides were tested after logarithmic transformation. Hardy-Weinberg equilibrium of the polymorphisms was tested with an exact test.
(2-df). This resulted in the use of a dominant genetic model for the PALLD, TAS2R50, and FCAR polymorphisms, the recessive genetic model for the ROS1, VAMP8, and CD93 polymorphisms and the polymorphism near the CDKN2A/B genes. The additive model was chosen for the OR13G1, ZNF627, and HNRPUL1 polymorphisms.
To determine the association between the polymorphisms and CHD, we used Cox proportional hazards models. 21 Patients without CHD were censored at the date of the last lipid clinic visit or at the date of death attributable to causes other than CHD. The proportional hazards assumption was tested by drawing log minus log plots of the survival function and was met for all Cox proportional hazard models. In the primary model, we adjusted for year of birth, sex, and smoking. For smoking, we implemented a linearly decreasing risk effect for the 6 years after cessation. 22 A secondary model was constructed to investigate whether potential associations could be explained by possible intermediary variables, such as hypertension, diabetes mellitus, BMI, plasma HDL cholesterol, and plasma triglycerides. Postmenopausal women are at increased risk of developing CHD compared with premenopausal women. 23 Unfortunately, we do not have information about the age of menopause in our cohort. Alternatively, we studied the presence of an age effect among women by additionally adjusting the Cox proportional hazards models for age tertiles, 24 which
were defined by cut-off values of 42.7 and 56.6 years. This adjustment did not change the results (data not shown).
The following co-variables had missing values: smoking (9.4%), hypertension (1.0%), BMI (14.0%), plasma HDL cholesterol (18.6%), and plasma triglycerides (15.9%). Therefore, we applied the multiple imputation method of the aregImpute function of the R statistical package to impute these missing values. 25 Imputation methods substitute the missing values with plausible values on the basis of the relationship between the variable with missing values and the available information. With multiple imputation, 10 completed data sets were created, and subsequently 10 analyses were performed by treating each completed data set as a real complete data set. Finally, the results from these analyses were combined to obtain the effect estimates, while properly taking into account the uncertainty in the imputed values. It has been shown that imputation is beneficial for handling missing data in epidemiologic methods. 26 Since testing multiple polymorphisms could have led to falsepositive associations due to multiple testing, we estimated the false-discovery rate (FDR) and considered an FDR ,5% acceptable. 27 An exact description of the calculation of the FDR has been published previously. 3 We further investigated the associations between the polymorphisms and cardiovascular risk factors (age, sex, smoking, hypertension, diabetes mellitus, BMI, plasma LDL and HDL cholesterol, and plasma triglycerides), by using the x 2 -test, t-test, and ANOVA.
All data are provided as mean + standard deviation, unless stated otherwise, and all reported P-values are based on two-sided tests of significance. P , 0.05 was considered statistically significant. All statistical analyses were performed with the SPSS for Windows 12.0.1 statistics programme and the R statistical package. 25 Table 1 shows the cumulative lifetime risks of CHD till the age of 40, 50, and 60 years, whereas the clinical characteristics of the 2145 patients are presented in the Supplementary material online, Table S2 . During a total of 106 772 person years, 607 (28%) patients had at least one CHD event. The mean age of onset of the first CHD event was 48.8 + 10.7 years. The following variables were associated with a higher cumulative CHD risk: sex, smoking, plasma total, HDL and LDL cholesterol levels below the median, and plasma triglyceride levels above the median ( Table 1) .
Results
Patient characteristics
Polymorphisms and coronary heart disease Table 2 shows the genotype frequencies of the 10 polymorphisms. All polymorphisms were in Hardy-Weinberg equilibrium, except for the rs619203 polymorphism in the ROS1 gene (P ¼ 0.01). The associations between the polymorphisms and CHD are presented in Table 3 . Carriers of one G-allele of the OR13G1 polymorphism had a 14% higher risk of CHD, whereas carriers of two G-alleles had a 30% higher risk of CHD, compared with carriers of two A-alleles of this polymorphism (P ¼ 0.03, primary model, Table 3 ). Carriers of one A-allele of the HNRPUL1 polymorphism had a 27% higher risk of CHD, whereas carriers of two A-alleles had a 61% higher risk of CHD, compared with carriers of two T-alleles of that polymorphism (P ¼ 0.007, primary model, Table 3 ). Patients homozygous for the T-allele of the CD93 polymorphism had a 26% increased risk of CHD compared with patients with at least one C-allele of that polymorphism (P ¼ 0.01, primary model, Table 3 ). Patients homozygous for the G-allele of the polymorphism near the CDKN2A/B genes had a 39% higher risk of CHD than patients with at least one A-allele of that polymorphism (P , 0.001, primary model, Table 3 ). The other polymorphisms were not significantly associated with CHD ( Table 3) . Additional adjustment for hypertension, diabetes mellitus, BMI, plasma HDL cholesterol, and plasma triglycerides yielded similar results ( Table 3) .
Polymorphisms and cardiovascular risk factors
The TAS2R50 polymorphism was associated with a slightly increased BMI (25.2 + 3.6 kg/m 2 for the TCþCC genotypes vs.
24.6 + 3.2 kg/m 2 for the TT genotype, P ¼ 0.04). The ZNF627 polymorphism showed an association with increased TC levels (9.0 + 1.7/9.5 + 1.9/9.6 + 2.0 mmol/L for the GG/GA/AA genotypes, respectively, P ¼ 0.01). The VAMP8 was associated with an increased BMI (25.6 + 3.8 kg/m 2 for the GG genotype vs.
25.0 + 3.5 kg/m 2 for the AAþAG genotypes, P ¼ 0.01). The CD93 polymorphism was associated with the presence of hypertension (11.0% for the TT genotype vs. 7.8% for the CCþCT genotypes, P ¼ 0.02). Finally, the polymorphism near CDKN2A/B was associated with the presence of diabetes mellitus (6.6% for the GG genotype vs. 4.1% for the AAþAG genotypes, P ¼ 0.02).
Discussion
We confirmed associations between four polymorphisms and CHD in this study of FH patients. These four polymorphisms were among a set of 10 that were recently found associated with MI or CHD in genome-wide or gene-centric association studies. The replicated polymorphisms are in the OR13G1 gene, 3 the HNRPUL1 gene, 4 the CD93 gene, 2 and near the CDKN2A/B genes. 7 The rs10757274 polymorphism that is located 100 kb upstream of the CDKN2A/B genes was discovered by a large GWA study, and the association with CHD was confirmed in four Caucasian populations. 7 The locus on chromosome 9p21 in which this polymorphism is located was also associated with MI and CHD in two other independent GWA studies, 6, 28 and a recent prospective meta-analysis gave further evidence of the involvement of this locus in CHD. 29 The CDKN2A/B genes are tumour-suppressor genes involved in the regulation of cell proliferation, cell aging, and apoptosis, 30 which are all important in atherogenesis. 31 This locus might therefore play a role in cell cycle checkpoints which are important in repair of DNA that has been damaged by for example oxidative stress in atherosclerotic plaques. Future studies are required to elucidate the exact underlying mechanism by which this polymorphism or locus affects CHD risk. The three other polymorphisms are located in genes that are relatively unknown in the field of cardiovascular disease and atherosclerosis. HNRPUL1 encodes a heterogeneous nuclear ribonucleoprotein and plays a role in RNA transport, processing, and transcriptional regulation. Furthermore, it has been speculated that this gene is involved in cell cycle regulation, 32, 33 which might constitute a link with the proposed functionality of the polymorphism near the CDKN2A/B genes. In our original study, the HNRPUL1 polymorphism was associated with early-onset MI, 4 which might be the reason why we were able to replicate this polymorphism, as FH is an important cause of severely premature For triglycerides, total, LDL, and HDL cholesterol, we used the median to split the total population in two subpopulations. CHD, coronary heart disease; BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein. *Log-rank test.
CHD. It has been suggested that the CD93 gene is involved in intercellular adhesion, and leukocyte extravasation. 34 These are two important processes in the development of atherosclerosis 31 and could be the pathophysiological mechanisms underlying the association between variation within the CD93 gene and CHD. The mechanism through which the OR13G1 polymorphism influences CHD is unknown but might be related to dietary choices. We did not find associations for the polymorphisms in the PALLD, ROS1, TAS2R50, ZNF627, VAMP8, and FCAR genes in our FH population. We could not find support for the hypothesis that hypercholesterolemia explains why these polymorphisms were not significant, whereas the four other polymorphisms were. The simplest explanation is that these associations were false-positive findings in the earlier studies, or false-negative findings in the present study. Lack of power is a well-known problem for small effects. Our a priori power calculations based on the effect sizes and genotype frequencies of the original studies showed sufficient statistical power for all polymorphisms (.80%). However, mostly we found smaller effect sizes for the polymorphisms than that in the original studies, which is in line with a study by Ioannidis et al. 35 If these lower effect sizes are true for FH populations, we might have had insufficient statistical power for the detection of these associations. In contrast to the present study, one population-based replication study showed a significant association between the ROS1 polymorphism and MI, whereas the PALLD, TAS2R50, OR13G1, and ZNF627 polymorphisms were not associated with MI. 36 Yet another study found that none of these polymorphisms was significantly associated with MI in a case -control design. 37 The reason for these discrepancies could be found in the genetic heterogeneity or differences in functionality of this polymorphism across different populations. This could also be the reason for the fact that we did not find an association between CHD and the other nonsignificant polymorphisms in this study. Two topics regarding the statistical analysis merit discussion. First, association studies of multiple polymorphisms could lead to false-positive findings due to multiple testing. We addressed this multiple-testing issue by calculating the FDR for all polymorphisms. 3, 27 All four significant variants met the FDR criterion of 5%, indicating that the expected proportion of false-positives among all significant tests is below 5%. A Bonferroni correction would have been strongly over-punitive in case of low false-positive proportions. 38 Second, women who are menopausal are at increased risk of developing CHD. 23 Information on age of menopause was not available in our study, but we estimated that approximately half of the women had passed menopause at the end of follow-up. Among women, we adjusted for age tertiles in order to take this possible confounder into account, but this did not change our results (data not shown). Age did not confound our findings, but we are aware that our findings in women may only apply to populations with a similar distribution of age and menopause.
In the present population, higher levels of total and LDL cholesterol were associated with a lower cumulative CHD risk (P ¼ 0.01, Table 1 ). An explanation for this paradoxical effect could be that FH patients with total and/or LDL cholesterol levels above the median received cholesterol-lowering therapy at a younger age than patients with levels below the median (42.2 vs. 45.0 years, respectively, P , 0.001, data not shown).
In conclusion, we have confirmed the previously found associations between four polymorphisms and CHD in a large population of patients with FH. Further studies should elucidate the pathophysiological mechanisms underlying these associations. Genetic association studies will lead to further identification of potential modifier genes for CHD in FH patients or other high-risk populations. If replicated, these genetic risk factors can be incorporated into better tools for CHD risk prediction.
